ABSTRACT Life history parameters were established under controlled laboratory conditions for the green stink bug, Chinavia hilaris (Say) (ϭAcrosternum hilare), to improve pest control in pistachios in California. Parameters measured and calculated included survival and development at seven constant temperatures (ranging from 15 to 35ЊC), development time, upper and lower development thresholds, thermal constants, fecundity, generation time, net reproductive rate, and intrinsic rate of increase. C. hilaris did not complete development at 15 and 35ЊC. Within the range of 20 Ð27.5ЊC, development time decreased linearly with temperature; it increased again at 30ЊC. The lower threshold was calculated by linear methods to be 12.3ЊC, and the thermal constant was calculated to be 588 degree days. Fastest development was recorded at 27.5ЊC, whereas greatest survival was observed at 22.5ЊC. At 27.5ЊC, mean fecundity was 53.5 eggs per female, mean generation time was 74.4 d, net reproductive rate was 20.09, and intrinsic rate of increase was 0.04. Use of a nonlinear model yielded estimates of 13.2, 28.4, and 33.4ЊC, for the lower threshold, optimum temperature, and upper threshold, respectively. Results were compared with similar studies and interpreted in the light of pest management needs in pistachio. Increased emphasis on monitoring and management of overwintering sites and early-season migration are recommended.
Pentatomidae), formerly known as Acrosternum hilare (Say), is native to North America, where it is broadly distributed across the continent , and has been noted as an economic pest of several crops (e.g., Bundy et al. 2000 , Greene et al. 2001 , Atanassov et al. 2002 , Kamminga et al. 2009 ). In California, C. hilaris is one of a group of hemipteran species that cause direct crop damage to pistachio (Bolkan et al. 1984 , Rice et al. 1985 , an exotic crop that has increased greatly in crop acreage and value since the 1980s (Anonymous 2010) . When hemipteran damage to pistachio nuts was Þrst reported, species were often simply grouped as small bugs (Miridae and Rhopalidae) and big bugs (Pentatomidae and Coreidae) (Rice et al. 1985 , Michailides et al. 1987 , based not only on their physical size but on their seasonal occurrence and type of crop damage. Although small bugs are often abundant and can cause damage early in the season (Purcell and Welter 1990) , they pose little threat after shell hardening (Purcell and Welter 1991) . Large bugs, including C. hilaris, have relatively larger and stronger mouthparts and, for this reason, can continue to penetrate the shell and damage kernels later into the season as shell hardening increases (Michailides et al. 1987 , Daane et al. 2005 .
C. hilaris overwinters in the adult stage near or in the pistachio orchard (K.M.D., unpublished data) and can disperse from its overwintering sites directly to the pistachio tree, where it attacks the young crop as the fruit begins to form in April. For most bug damage, early-season feeding results in piercing of the fruit pericarp and rapid formation of epicarp lesions (i.e., darkened area of the hull; Uyemoto et al. 1986 , Bostock et al. 1987 , often followed by the small (Ͻ1 cm) damaged fruit dropping from the cluster Welter 1991, Daane et al. 2005) . The natural fruit drop of the pistachio tree from April to early May is thought to compensate for much of the fruit loss caused from this early season bug damage (Beede et al. 1996) . Later in the season, after the fruit load has been set, the damaged nut remains in the cluster, and the resulting epicarp lesion can stain the outer shell, lowering market value, and the pierced kernel can result in a necrotic spot on the nut meat (kernel necrosis), aborted nuts, or fungal contamination (stigmatomycosis; Michailides et al. 1988 , Daane et al. 2005 . Seasonal changes in the population structure of C. hilaris in California pistachios, therefore, directly affect the amount of crop loss. The larger adults cause more damage than the smaller nymphs, with the amount of damage per bug a relationship between the bugÕs development stage and the maturation and shell-hardening of the pistachio crop (Michailides et al. 1988 , Daane et al. 2005 . Therefore, for pest management purposes, it is important to know the speciÞcs of the biology and seasonal development of C. hilaris that distinguish it from the other small and large bug pests attacking pistachio.
Predicting the seasonal occurrence and temperature-based development rate of an insect pest and its natural enemies are essential to the development of Integrated Pest Management (IPM) systems (Huffaker et al. 1999) . Previous studies, mostly conducted in the southeastern United States, have provided Þeld data on seasonal occurrence of C. hilaris (reported as A. hilare) and other stink bug species (e.g., McPherson et al. 1993 , Tillman 2008 , and laboratory data on development and survivorship (e.g., Simmons and Yeargan 1988) . However, information was needed on California populations of this species that would permit more complete modeling for use in pistachio IPM. Here, we determined laboratory-derived development rates for C. hilaris and constructed stage-speciÞc degree-day models (Pruess 1983 , Briere et al. 1999 , Roy et al. 2002 and life tables (Price 1975) . Our goal was to determine the values of these parameters for a C. hilaris population collected in central California. Using these data, we also present information on development time (e.g., development rate, upper and lower development thresholds) and life table parameters (e.g., survival and fecundity) for C. hilaris under controlled laboratory conditions.
Materials and Methods

Insect
Rearing. An insectary colony was initiated with C. hilaris adults collected in pistachio orchards in the northeastern San Joaquin Valley, near Madera, CA. The colony was intermittently augmented with collections of C. hilaris from this same area throughout the course of the study. Colony maintenance procedures were slightly modiÞed from those reported by Wilde (1968) , Harris and Todd (1981), and . Adults and third to Þfth instars were kept in large (35 by 35 by 80 cm) organdy-screened wood cages; the primary foods were fresh green beans and peanuts; potted ßowering alfalfa plants were maintained in the cages as a supplemental food supply and to increase the surface area available to the bugs. Paper towels were added as a substrate for oviposition.
Egg-masses laid on the paper were collected daily and used to inoculate each temperature treatment. To begin, isolated egg masses were placed in clear round (9 cm in diameter by 3 cm in height) polystyrene containers (Tri-State Plastics, Dixon, KY), sealed with tight-Þtting lids that were each ventilated by two holes (2 cm in diameter) covered with 100-mesh stainless steel screen (Flynn and Enslow, Inc., San Francisco, CA). The bottom of each container was lined with Þlter paper (Whatman No. 113, Sigma-Aldrich Co. LLC, St. Louis, MO), on which one fresh green bean and one raw peanut were placed. Throughout the study, beans and peanuts were replaced every other day and Þlter papers were replaced weekly.
Temperature Treatments. Temperature development and survivorship studies were conducted in constant-temperature cabinets (Percival Co., Boone, IA). Immediately after oviposition (Ͻ12 h), the egg masses were collected and isolated in the provisioned containers and then randomly assigned to different temperature treatments. On hatching, Þrst instars have a strong aggregation behavior (Simmons and Yeargan 1988) ; for this reason, they were initially left clustered in the original container until they molted to the second instar and began to disperse from the egg mass. At this time, each nymph was moved, using a Þne brush, to individual containers, provisioned as described previously. Thereafter, all insects were inspected daily, and their development and survivorship were recorded.
Seven temperature treatments were used: 15, 20, 22.5, 25, 27.5, 30, and 35ЊC (Ϯ1ЊC) . All cabinets had a photoperiod of 14:10 (L:D) h; relative humidity (RH) ranged from 60 to 85%. In each cabinet, temperature and RH were monitored using data loggers and hygrothermographs. A minimum of Þve egg masses per treatment were used initially; variation in the numbers of eggs per egg mass, insectary oviposition rates, survival rates, and available space in the cabinets ultimately produced differences in total numbers of egg masses tested in each treatment, which average 26.1 egg masses per temperature treatment, but ranged from 6 (27.5ЊC) to 59 (30ЊC). After development was complete, the resulting adults were sexed, and, whenever possible, a male and a female emerging on the same day and from the same treatment were then placed together in a separate container and held at 27.5ЊC for fecundity measurements. Care of these adult pairs was the same as that of juveniles described previously.
Data Collection and Analyses. Date and number of eggs per egg mass were recorded at the time of oviposition. Subsequent developmental changes were recorded when empty eggshells or molt skins were seen. All changes among instars were noted along with the dates on which they occurred, and all molt skins were removed before the next inspection. Although all changes were recorded for all insects, data for only those insects surviving to adults were included in developmental rate analyses.
Survivorship was recorded concurrent with the developmental measurements taken for each temperature treatment. Survivorship was calculated for progeny of each individual egg mass at each developmental stage. Numbers of egg mass groups varied among temperatures and developmental stages owing to several factors. These included changes in rates of egg production in the insectary and occasional removal of excess insects from some containers to prevent overcrowding, under conditions of especially rapid population growth. Thus, not all insects remained in the study from egg to natural death; however, numbers, instars, and removal dates of all insects artiÞcially removed from the study were recorded to permit use of survivorship data collected before their removal. Boxes containing pairs of adult males and females were inspected daily for eggs, which were counted and removed when discovered. Daily counts of egg production were continued until the female of each pair died.
Data analyses consisted of the calculation of common life history parameters: development time, development rate, survivorship, fecundity, thermal constants, generation time (T), net reproductive rate (R), and intrinsic rate of increase (r). Two general approaches were used. The Þrst was degree-day model construction based on the data obtained from the set of different constant temperatures. The second was life table construction based on data obtained at one constant temperature.
Computation of development times was the starting point for both approaches. Development times were determined for each individual at each stage and temperature by subtracting the dates of each molt for each individualÑa conservative and exacting measurement of daily development. Summation of development times for the egg and Þve nymphal stages of each insect surviving to adulthood yielded the total development time for that individual.
For degree-day model construction, development rates were Þrst calculated as reciprocals of development times. For each stage, differences in development times at different temperatures were compared using one-way analyses of variance (ANOVA), followed by use of the Tukey HSD test for mean separation. The lower temperature threshold was initially established by simple linear regression of developmental rate on temperature using mean development times for selected temperatures in the linear portions of the curves; thermal constants were calculated as the reciprocals of the slopes of the regression lines (Wagner et al. 1991) . Subsequently, the Briere-1 nonlinear model was Þtted to the data. In this model, develop-
1/2 where a is a constant, T is a given temperature, T 0 is the lower threshold, and T L is the upper threshold (Briere et al. 1999 ).
This model was also used to calculate the optimal developmental temperature. All analyses were carried out using R statistical software version 2.70 (R Development Core Team 2008).
For life table construction, stage-speciÞc survivorship was Þrst calculated as the percentage of the progeny of an egg mass entering a stage that survived until the beginning of the next stage. Total survivorship to the adult stage was then calculated as the product of survivorships of the egg stage and all Þve nymphal stages. Fecundity per female was taken as the sum and sizes (number of eggs per egg mass) of all egg masses produced. Generation time (T 0 ) was calculated as the mean time from oviposition by the mother of the egg mass (F 0 ) to Þrst oviposition of daughters surviving to reproduce (F 1 ); net reproductive rate (R) was computed from life tables according to the equation R ϭ ⌺ l x m x , and intrinsic rate of increase (r) was computed by the equation r ϭ log e R/T; these calculations follow methods outlined by Price (1975) . Although stagespeciÞc survivorship was calculated for all temperatures, because data on fecundity were obtained only at 27.5ЊC, life tables used only survivorship data from measurements made at that same temperature. Measurements of development time, nymphal survivorship, and adult female survival and fecundity are presented and discussed Þrst. These are followed by the results of degree-day model construction and the results of life table construction.
Results and Discussion
Development Rate. C. hilaris failed to complete development at 15 and 35ЊC; although a few eggs did hatch at these temperatures, the nymphs died before reaching the second instar. In temperature treatments from 20 to 30ЊC, signiÞcant effects of temperature on development were observed in all stages individually and combined (one-way ANOVAs, P Ͻ 0.0001; Fig. 1 ; Table 1 ). Development time decreased with temperatures from 20 to 30ЊC for the egg stage and the Þrst and second instars. Beginning in the third instar and continuing through the adult stage, development times lengthened at 30ЊC ( Fig. 1; Table 1 ). From egg deposition to adult emergence, development time decreased with temperatures from 22 to 27.5ЊC, but then increased at 30ЊC. Development times at all temperatures were shortest for the Þrst instar and longest for the Þfth instar ( Fig. 1 Brewer and Jones (1985) . Relative time periods for the egg and each instar are similar to those reported by Underhill (1934) , Esselbaugh (1948) , Russell (1952) , Simmons and Yeargan (1988) , and Javahery (1990) , although only the last two studies were conducted at carefully controlled temperatures.
Survivorship. Total survivorship ranged from 0 to 76%, with no survival at the temperature extremes of 15 and 35ЊC, and a high survivorship of 76% at 22.5ЊC ( Fig. 2 ; Table 2 ). Differences in survivorship among instars showed no consistent pattern across temperatures between 20 and 30ЊC. Our egg hatch rates between 67 and 85% were lower than the 97% reported by Javahery (1994) . Our egg-to-adult survival rates ranged from 56 to 99%, which were higher than the 25% or lower survival rates reported by Simmons and Yeargan (1988) , and in the range between 87.3% by Brewer and Jones (Brewer and Jones 1985) and 96% by Sailer (1953) .
Adult Female Fecundity and Longevity. The sex ratio of emerged adults was slightly skewed, with 42% males to 58% females (at 27.5ЊC), and only 2 of the 10 originally paired adults survived to produce progeny. Adult female longevity was 53.5 Ϯ 9.5 d; eggs were laid soon after adults mated, resulting in a 36.5 Ϯ 2.5 d period from egg hatch (F 0 ) to fecund adult development and oviposition (F 1 ). There was a 17.0 Ϯ 7 d egg laying period, producing 3.0 Ϯ 1.0 egg masses per female and 15.5 Ϯ 7.0 eggs per egg mass. Egg mass sizes produced by the newly emerged adult females were only slightly smaller than the egg mass sizes produced from adults used at the beginning of the study, whose mean size was 20.2 Ϯ 0.74 eggs (range: 2Ð52, n ϭ 182).
Our adult female longevity of 53.5 d was slightly shorter than the 68.7 d reported by Javahery (1990) and much shorter than the 6 mo of Sailer (1953) , which probably included a diapause period. Fecundity of 60.6 (F 0 ) and 46.5 (F 1 ) eggs per female is close to the 48 and 56 eggs per female reported by of Sailer (1953) and Javahery (1990) , respectively. Our number of three clutches per female is identical that reported by Whitmarsh (1914) , and slightly less than the four reported both by Sailer (1953) and by Javahery (1990) . The similarities are especially remarkable, as all of the studies differed in colony source, diet, and other rearing conditions such as the number of matings per female.
Temperature Development Thresholds. Linear regression of C. hilaris development rate on temperatures ranging from 20 to 30ЊC produced an excellent Þt for the egg and Þrst and second instars (Table 3) . For the third to Þfth instars, and thus for the total life span as well, development slowed at 30ЊC. However, when the data for 30ЊC were excluded, the Þt of the linear model was still good (Table 3) . Although development of the third and fourth instars appears to deviate more strongly from the linear model, this may be an artifact produced by observers missing some molt skins of the fast-growing third-instar nymphs. The results for total development (egg to adult) were not inßuenced by this error. The calculated lower developmental threshold for C. hilaris was 12.3ЊC, and the thermal constant was 573 degree days (DD) (Table 3, Fig. 1H ).
The lower development threshold reported herein was considerably below the threshold range from 15 to 18ЊC reported by Simmons and Yeargan (1988) , who also reported a lower thermal constant value of 482.7 DD. It is possible that these differences represent genetic differences, because the populations studied were from different sides of the continent. Differences in laboratory diet could also have contributed to the developmental differences observed. However, the low temperature threshold near 12ЊC is similar to studies for other stink bugs in California, such as 10.5, 12.9, and 13.0ЊC for eggs, small nymphs, and large nymphs, respectively, of the consperse stink bug, Euschistus conspersus Uhler (Cullen and Zalom 2000) .
The Briere-1 model Þt the nymphal development data closely (Fig. 1I) , using the parameters a ϭ 0.000026, T 0 ϭ 13.2ЊC, and T L ϭ 33.4ЊC. The model predicted a slightly lower maximum development rate than observed (0.0251 vs. 0.0266), and returned a slightly higher lower threshold (T 0 ) than calculated by the linear method. Its predicted upper threshold (T L ) was appropriately just beyond the highest temperature of complete development.
Life Table Parameters . Using the data from a life table construction (Table 4) , a value of 74.4 d was produced for mean generation time (T), 20.09 for net reproductive rate (R), and 0.04 for the intrinsic rate of increase (r), all for the constant temperature of 27.5ЊC. Prado and Almeida (2009) reported a longer T (155.99 d), a similar R(21.59), and lower r (0.02). These differences could be owing to different temperatures used during each study; they could also be inßu-enced by differences in colony sources, because it has been our experience that the constant addition of Þeld-collected insects greatly increases colony vigor.
Our results provide the Þrst complete set of life history parameters for a California population of C. hilaris. In insect species with transcontinental distributions, it is to be expected that local populations differ considerably in genetics, physiology, and behavior. Our California study adds geographical breadth to the existing body of information on C. hilaris. Furthermore, its combination of development, survivorship, and fecundity data from the same population provides a Þrm foundation for further development of models useful in pest management. Daane et al. (2005) have shown that C. hilaris fourth and Þfth instars and adults are the stages responsible for the most costly damage to pistachio fruits. They have also pointed out that sampling of C. hilaris and other large bugs in the orchard at mid-season is not an efÞcient way to get reliable information on which to base management decisions, because good sampling methods for these bugs do not exist and damage may only become visible weeks after it was caused. Rather, numbers of stink bugs that are likely to be in the canopy at this critical time must be predicted in advance if control is to have a positive effect. Prediction of numbers of stink bugs and their stages, based on phenology, is also crucial to effective management (Cullen and Zalom 2000) . For example, timing spray schedules to match egg hatch, decisions of ground cover mowing, and visual sampling programs will all be enhanced by a better understanding of C. hilaris Þeld phenology. The temperature thresholds and thermal constant reported here can be used to predict increases in numbers of late-stage C. hilaris from earlyseason reproduction. Completion of the phenological model would require the establishment of an earlyseason bioÞx, the date when the Þrst C. hilaris begin to leave their overwintering sites, coupled with accumulation of degree-days based on temperature data from pistachio orchards where the bug is a problem. Use of traps to establish this bioÞx is possible, and improvements in trapping methods are encouraging (Millar et al. 2002 , Leskey and Hogmire 2005 , Kamminga et al. 2009 ).
Of course, within-orchard reproduction and development are not the only factors in determining the population growth of these bugs. Other factors that have been shown to be important in affecting populations of stink bugs include availability of nearby overwintering sites (Jones and Sullivan 1981) , availability of a succession of suitable nearby alternate host plants at the correct times (Panizzi 1997) , migration capabilities (Wilbur 1939) , and abundance and effectiveness of natural enemies (Coombs 2000) .
IPM Program. Completion of the phenological model initiated in this study would aid in determining whether mid-season increases in Þeld numbers of C. hilaris are due mainly to within-orchard reproduction or to immigration from surrounding areas. To date, the accepted hypothesis is that most increases in earlyseason population are the result of migration. Although numbers of bugs from the two sources have never been counted separately, this hypothesis has been based on the relative numbers of early and late stages found in the Þeld. The life table parameters reported here tend to support that hypothesis. With a generation time of over two months at a temperature not appreciably lower than those typical of the northern San Joaquin Valley in April, C. hilaris does not appear capable of rapid population increase by reproduction alone. If this hypothesis is supported by further work, it would appear that the main emphasis for management of C. hilaris in pistachio should be the reduction of overwintering populations in the orchard and reducing migration from nearby overwintering sites to the orchards. This may be accomplished through improved sanitation and insecticide timing, the use of trap crops, enhancement of natural enemies, or a combination of the three. Continued sampling of orchard ßoors and borders during the early season seems to be another valuable management tool. The discovery of young stages of C. hilaris in and near orchards is now of more value because it can be combined with the predictive power of a phenological model. Ideally, a phenological model for the bug should be combined with a phenological model for the developing crop to help growers decide whether the presence of bugs of a certain stage on a certain date really presents an economic threat to the crop some weeks in the future. 
